In an effort to expand the Gossypium hirsutum L. (cotton) expressed sequence tag (EST) database, ESTs representing a variety of tissues and treatments were sequenced. Assembly of these sequences with ESTs already in the EST database (dbEST, GenBank) identified 9675 cotton sequences not present in GenBank. Statistical analysis of a subset of these ESTs identified genes likely differentially expressed in stems, cotyledons, and drought-stressed tissues. Annotation of the differentially expressed cDNAs tentatively identified genes involved in lignin metabolism, starch biosynthesis and stress response, consistent with pathways likely to be active in the tissues under investigation. Simple sequence repeats (SSRs) were identified among these ESTs, and an inexpensive method was developed to screen genomic DNA for the presence of these SSRs. At least 69 SSRs potentially useful in mapping were identified. Selected amplified SSRs were isolated and sequenced. The sequences corresponded to the EST containing the SSRs, confirming that these SSRs will potentially map the gene represented by the EST. The ESTs containing SSRs were annotated to help identify the genes that may be mapped using these markers.
Introduction
Expressed sequence tags (ESTs) are single-read sequences of cDNA that serve as an important genetic resource even in the age of completely sequenced genomes (Adams et al. 1991) . ESTs complement genome sequencing by identifying the transcribed portion of a gene. Despite its economic importance, the cotton genome has not been sequenced and no genome-sequencing effort has been initiated. In the absence of a cotton genome project, ESTs become an even more important resource because they can be assembled into tentative consensus sequences (TCs) to represent the genes expressed in specific tissues (Lee et al. 2005) . These TCs have provided the sequences used in microarray and proteomic analyses (Arpat et al. 2004) . Additionally, statistical analysis of the frequency that ESTs from each tissue are observed in a given TC indicates the relative level of expression of the representative gene in a given tissue. A statistical analysis of over 60 000 potato ESTs derived from multiple tissues identified genes associated with tuber initiation, dormancy, sprouting, and incompatible interactions with lateblight pathogen (Ronning et al. 2003) .
ESTs are also a good source of simple sequence repeats (SSRs) that can be used to develop molecular markers for gene mapping (Gao et al. 2003) . SSRs are routinely used to map the cotton genome (Lacape et al. 2002; Nguyen et al. 2004; Qureshi et al. 2004; Reddy et al. 2001; Rong et al. 2004) . SSRs are motifs ranging from 2 to 7 bp that are repeated multiple times. When the number of repeats varies between genotypes, a size polymorphism occurs that can be exploited in genetic mapping. To exploit the polymorphism, appropriately labeled primers flanking the SSR are used to amplify the sequence of interest. The amplicon is visualized on a gel or sequencing instrument. SSRs derived from ESTs have the added advantage of mapping to a known gene if the EST is annotated.
The number of cotton (Gossypium hirsutum L.) ESTs in the GenBank EST database (dbEST), though rapidly expanding, still primarily represent developing fiber. In this study, ESTs representing various treatments of 4 different tissues previously unrepresented in the dbEST were assembled and analyzed. These ESTs represent tissues that store starch as the plant matures and tissues that are likely to be important in response to drought, cold, and disease. Statistical comparisons identified genes specifically associated with each tissue type and treatment. One hundred ninety-two SSRs identified in the assembly of ESTs were evaluated for their utility as molecular markers in cotton. The SSR containing TCs were annotated in an attempt to identify genes that may potentially be mapped.
Materials and methods

Plant Material
All of the plant material used to derive ESTs was from upland cotton (Gossypium hirsutum L). An overview of the cultivars, the tissue types used, and any additional treatments is presented in Table 1 .
Bolls
Upland cotton was grown in a soil mixture under controlled conditions. Adequate fertilization and plant protection measures were undertaken to ensure normal plant growth. Flowers were tagged on the day of anthesis. Half of the plants were subjected to water stress by withholding water supply for a period of 7 d. The other half were watered normally. The bolls from both irrigated and water-stressed plants were collected at 8-10 d and at 15-20 d post anthesis (dpa) and stored at -80°C until use.
Cotyledons
Seeds were grown for 72 h in the dark and the cotyledons were frozen in liquid nitrogen and stored at -80°C until use.
Seedlings
Cotton was grown for 3 or 5 weeks and leaf material was harvested from the first 2 true leaves. Control and droughtstressed plants (5-week-old seedlings) were grown at a daytime temperature of 28°C and a nighttime temperature of 25°C in growth chambers (approximately 750 µmol@(m 2 @s)
photosynthetic photon flux density (PPFD). Drought stress was induced by withholding water and tissue was harvested at leaf relative water contents of 80%, 70%, and 60%. Stressed tissues were combined for RNA extraction and library construction. For chilling stress, plants were germinated and grown under controlled conditions (see above), then exposed to a temperature of 10°C for 3 d.
Stems
Stems harvested from 10-week-old field-grown plants ( Stoneville, Miss., 2003) were frozen in liquid nitrogen and stored at -80°C.
Xanthomonas-challenged leaves
Plant growth chamber conditions were as described by Pierce et al. (1993) . Two bacterial-blight-resistant lines were used. Im216 is a line of superior resistance to Xanthomonas campestris pv. malvacearum (Xcm) (Brinkerhoff et al. 1984) , and AcB 4 B ln b 7 is homozygous for each of the resistance genes B 4 , B In , and b 7 (Bayles et al. 2003) . Young, fully expanded leaves of 4-to 6-week-old plants were bagged 1 h before inoculation to increase stomatal opening. Leaves were pressure spray infiltrated from the under side with the bacterial blight pathogen Xcm at an inoculum concentration of 5 × 10 6 or 2 × 10 6 colony forming units (CFU)·mL -1 (Im216 and AcB 4 B ln b 7 , respectively). Xcm strain 3631 (race 1 phenotype), which is highly pathogenic and contains many avirulence genes, was maintained and cultured as previously described (Essenberg et al. 2002) . Leaf tissue of both cotton lines was collected 8, 14, 20, 30, 45 , and 60 h post inoculation (hpi).
Library construction
Bolls and seedlings
Total RNA was isolated from bolls and seedlings using the hot borate method (Wan and Wilkins 1994) . Complementary DNA libraries were constructed according to the manufacturer's specifications provided in the Uni-ZAP cDNA synthesis kit (Stratagene, La Jolla, Calif.), resulting in directional cDNAs with an EcoRI site at the 5′ end, and a XhoI site at the poly(A) end. The cDNAs were ligated to Stratagene Uni-ZAP XR vector and packaged with Stratagene Gigapack III. The phage library was converted to the plasmid form by mass excision according to the procedure described by Stratagene. The amplified phage were co-infected with M13-derived ExAssist helper phage into Escherichia coli XL1-Blue MRF′ cells. The bacteria were incubated for 2.5 h, the cells pelleted by centrifugation, and the supernatant used to infect E.coli SOLR cells. The bacteria were plated at low density on Luria-Bertani broth plates with tetracycline (10 mg·L -1 ) and kanamycin (25 mg·L -1 ). Individual colonies were randomly picked and grown in terrific broth medium with carbenicillin (25 mg·L -1 ). Template purification and sequencing of the plasmid cDNA representing bolls and seedlings was done at the Center for Biotechnology and Genomics Laboratories at Texas Tech University (Lubbock, Tex.).
Cotyledons
Preparation of the cotyledon cDNA library is descibed elsewhere (Ni and Trelease 1991) . The cotyledon ESTs were sequenced at the USDA-ARS MidSouth Area Genomics Laboratory (Stoneville, Miss.).
Stems
The cDNA library from stems was made with polyribosomal mRNA by standard methods (Davis et al. 1972) . Reverse transcription was performed on 1 µg of total stem RNA using the SMART™ cDNA Kit from Clontech (Palo Alto, Calif.) and Superscript II from Invitrogen (Carlsbad, Calif.) following the manufacturers' instructions with some modifications. Briefly, 7 µL (1 µg) of RNA was mixed with 1 µL of a 10 mmol·L -1 dNTP stock from Invitrogen, 1 µL of the SMART™ oligonucleotide provided in the Clontech kit, and 1 µL (25 pmol) of dT (22) -SP6. The mixture was heated to 80°C for 3 min in a PTC100 (MJ Research, Watertown, Mass.) thermal cycler and cooled to 37°C. A master mix containing 2× reverse transcriptate (RT) buffer, 20 mmol·L -1 dithiothreitol (DTT) and 400 U Superscript II was heated to 37°C and an equal volume was added to the RNA mixture. The reaction was incubated at 37°C for 1h, heated to 85°C for 3 min, then cooled to 50°C. A master mix containing 1× RT buffer, 1 mmol·L -1 dNTP, 10 mmol·L -1 DTT, and 200 U Superscript II was heated to 50°C and 5 µL was added to the first reaction. The reaction was incubated at 50°C for 20 min, 42°C for 20 min, and 37°C for 20 min. The reaction was then heated to 85°C for 10 min and 1 µL of RNAseH was added before incubation at 37°C for 20 min. RNAseH was inactivated by heating to 85°C for 10 min. The RT product was purified over a PCR purification column from Qiagen (Valencia, Calif.), eluted in 50 µL buffer, and an equal volume of 10 mmol·L -1 tricine (pH 7) was added. PCR was performed on 2 µL of the RT reaction in 25 µL and included 1× Advantage 2 buffer, 200 nmol·L -1 dNTP, 10 pmol each primer, and 10 U Advantage 2 polymerase (Clontech). The primers were standard SP6 primers and the 5′ primer was provided in the kit. The amplification was performed with an initial denaturation at 95°C for 2 min, followed by 20 cycles of 95°C for 15 s, a ramp of 60-68°C increasing by 0.1°C/s, and 68°C for 5 min. After the cycles were complete, a final extension was performed at 68°C for 7 min. The PCR products were separated on a 1% w/v agarose gel in Tris-acetate-EDTA (TAE) and visualized with ethidium bromide staining. The cDNA representing 0.5-5.0 kb was cut from the gel, isolated using a Qiagen gel isolation kit, and cloned using the TA-Topo cloning kit from Invitrogen. All sequencing was done at the USDA-ARS MidSouth Area Genomics Laboratory.
Xanthomonas-challenged leaves
Suppression subtractive hybridization (SSH) libraries were constructed as described in Diatchenko et al. (1996) . The driver was RNA from non-inoculated, youngest fully expanded foliage leaves of 4-to 6-week-old plants and the tester RNA was from similar leaves inoculated with Xcm. Samples were harvested from inoculated and non-inoculated tissues simultaneously at the times listed above. Total RNA was extracted (Thompson et al. 1983 ) and, to reduce the costs of library construction, equal amounts were pooled (within treatment) as follows; from Im216, RNA from all 6 sampling times was pooled for development of a single library; from AcB 4 B In b 7 , RNA was pooled to form 3 libraries: early (8+14 hpi), middle (20+30 hpi), and late (45+60 hpi). Poly(A)+ RNA was purified from these mixtures using oligo-dT cellulose columns (Poly (A) Pure™ mRNA isolation kit (Ambion, Austin, Tex.)). The cDNA was prepared and SSH was carried out using the PCR-Select™ cDNA subtraction kit (Clontech). SSH products were cloned in E. coli TOP10 chemically competent cells (Invitrogen) using the TOPO-TA cloning kit (Invitrogen). Individual transformants were transferred into 96-well plates. Sequences derived from the SSH, enriched in defense-related ESTs from Im216, were deposited in GenBank under accession Nos. CF932015-CF932202, CK234098-CK234107, CK32589, CK32590, CK987577-CK988412, and CV292633-CV292635. The accession Nos. of clones derived from the SSH of AcB 4 B In b 7 are included in Table 1 .
Assembly and analysis
The combined sequences were screened to eliminate human, E. coli, rDNA, and vector sequences. The screened sequences were assembled using the default parameters of the TIGR Gene Indices Clustering Tools (TGICL; Pertea et al. 2003) . The frequency of ESTs representing each tentative consensus sequence (TC) was calculated and the differences in expression between multiple libraries were statistically determined by published methods (Stekel et al. 2000) . Selected TCs were used to interrogate the non-redundant database at GenBank and the uninformative annotations were removed. Sequences of TCs referenced in this manuscript are available as supplementary data.
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SSR analysis
"Repeat Finder" (Volfovsky et al. 2001 ) was used to identify SSRs from the assembly and to design primers flanking each SSR (Table 2 ). The cost of labeling 192 primers with fluorescent dye to monitor the amplicon was prohibitive, so the method developed for catfish BACs was adapted for cotton genomic DNA (Waldbieser et al. 2003) . The sequence GTTT was added to the 5′ end of the right primer and the sequence CAGTTTTCCCAGTCACGAC was added to the 5′end of the left primer. Included in each reaction was the primer CAGTTTTCCCAGTCACGAC labeled at the 5′ end with HEX. The PCR consisted of 20 ng of TM1 DNA (a G. hirsutum genetic stock), 1× PCR buffer, 3 pmol right primer, 1 pmol left primer, 0.75 pmol labeled primer, 200 nmol·L -1 dNTP, and 10 U polymerase. Unless otherwise noted, Advantage 2 polymerase (Clontech) was used in a 10 µL reaction. Samples that only worked in 25 µL reactions used to optimize the procedure are noted. The standard PCR conditions were initial denaturation for 4 min at 95°C; 1 min at 60°C; and 26 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 68°C. The PCR products were run as 1/9 dilutions on an ABI 3700 with ROX-labeled markers. Peaks were evaluated with GenMapper software (Applied Biosystems, Foster City, Calif.) and also confirmed visually.
Results
A total of 17 033 ESTs derived from multiple tissues and multiple treatments ( To gain insight into tissue-and treatment-specific gene expression represented among these libraries, the number of ESTs in each TC was compiled into a spreadsheet that calculated the frequency of ESTs from each library in each TC. The R statistic described by Stekel and colleaugues (Stekel et al. 2000) was used to identify TCs that were likely to represent genes differentially expressed in these tissues. We limited our analysis to the genes with R values > 12 that were not previously represented among Gossypium hirsutum ESTs. The ESTs derived from SSH were not included in the statistical analysis because they are a biased sample. Only 47 TCs were determined to be differentially expressed using this conservative criterion. These sequences were used to interrogate the nonredundant database (GenBank) using tBLASTx. Sequences with E values greater than 10 -10 were assumed to be unrelated to the cognate. The remaining sequences were filtered to remove uninformative annotations that included homology to uncharacterized genomic clones and genes of unknown function. Only 21 TCs with known potential functions likely to be differentially expressed among the tissues providing ESTs were identified (Table 3) .
ESTs are also an important source of SSRs. "Repeat Finder" identified 230 SSRs with repeats ranging from 2 to 6 bp in length repeated 3-16 times among the TCs not represented in the cotton dbEST. Only unrepresented sequences were used because the cotton ESTs in GenBank have already been screened for SSRs (Reddy et al. 2001 ). The 2, 3, 4, 5, and 6 bp repeats accounted for 21%, 71%, 3%, 2%, and 3% of the SSRs recovered, respectively. As in most species, 3 bp repeats are the most abundant (Gao et al. 2003) . "Repeat Finder" also selected primers for 192 of the SSRs, which were used to screen DNA from the genetic stock TM1. In this protocol, the common "long sequence" was added to 1 primer of each set and a short sequence was added to the reverse primer to help balance the melting temperature. Each PCR mixture contained a HEX-labeled version of the long sequence and the unlabeled primer concentrations were kept low to necessitate the incorporation of the HEX-labeled primer. Table 2 shows the results of amplifications of 192 ESTderived SSR markers. The 192 SSRs represent 3 bp repeats and other selected repeats (see Table 2 ) to fill 2 plates. About 36% of the primer pairs amplified 1 band of the expected size. Four amplicons were much larger than the expected size. One of these amplicons was cloned from a 25 µL reaction and determined to represent the expected cDNA; despite spanning an intron, it will still be a useful marker. Ten of the single bands of the expected size were cloned and sequenced. These sequences matched the expected cDNA sequences, confirming that these genes would STV118  TGG  TACCAGACCAGTCACTTAGCTCCC  150  gi|30678059|  CCTTGAGCCATCTTCATGTAATCC  149  (9×10  -29 )  STV119  TACA  AACGGTTTTAGTTTCCTGCCATTT  165  None  TGACCGTGACGTATGGTAGGTATG  None  STV120  TTA  AAAAAGAAAACGAAATCCCCAGAC  153  gi|6980001|  TGGTCTATTTTGGACTTGGGAGAA  150-2  (9×10  -26 )  STV121  TAT  ACCTTTCCATACCCATCCATTTCT  130  None  ATGAACCCTACCCAATGTTGTTTG  127-2a  STV122  GAACAT  AGCTATAGGGGAATGCATATCAACA  309  None  TGTGAACATCAAGTGCTACCGATT  304-2  STV123  AT  TATTCGATGGACTCCAGCCTT  112  Uninformative  TGTTGTATTGTTTGGTTCTACACACA  103-3a  STV124  ATG  CCGAGCTTCTAGCTGCTTTACTGA  136  Uninformative  ATCACCAACTTTATTCCCTGCCTC  None  STV125  ATC  TCTTCATTACACATTTTCATGGCG  167  Uninformative  GAGTCAAAAGCAAGAGGAGACGAG  166-2  STV126  TCA  CAGCCCAAGAATCTCGTTTTCTTA  146  None  CAATTCTTGGACAAAACTATCGCC  (25 µL PCR)  STV127  GAT  GGGAAAGCTAGTGGGCTTAATGAT  152  None  CAGCTGGTTCTTCTTTAGGTGCAT  391  STV128  CAC  TCTCTGTTCTCACCATCAAGCAAC  167  gi|42561773|  TTAAGCCTATCCATGTCTGCATCA  165  (4×10  -24 )  STV129  CT  CCTTTACTCAACAAAACATTGCCA  136  None  GGAACCTGGTAACTGTGAAGGAGA  134-2a  STV130  TC  GGGGGTGACTTGTTTGGATTTCT  182  None  CCCTCAGTGAAGCCAACCTAAAAT  183-2a  STV131  AAC  AATCAAAGTGAAGAAGATGGTGCC  138  None  CAAAGCTGAACAGAACTCATCCAA  134-3a  STV132  AG  AAGAGTGACAAACCGAGGAGAATG  146  None  CCCTCCACACCTTTTTCTTTTCTT  143  STV133  TGA  TATAGCAGCAGCTCCTCCAAAATC  168  None  CTCTGCCTCTTCCTGCTGATAAAG  167  STV134  AC  GCAACACCACATCTCCAGTTATTG  181  None  GGGTCTGCCAAGTAGGTCTAGGTT  None  STV135  CAC  CCAATAGCAGTGAAAACGTGACAG  129  None  CGGATTTCAGATTTTTGGTTTCTG 125-2 be mapped in populations polymorphic for these markers. About 39% of the primer pairs amplified multiple products, but these may still be useful for mapping, particularly if there are not multiple bands in the size range predicted for the amplicon. The remaining primer pairs failed to amplify products, but may still be screened for utility in specific populations or perhaps the flanking primers can be redesigned to amplify more effectively. Because these SSRs are derived from ESTs, the relevant TCs were annotated to associate them with a function whenever possible. The TCs were used to interrogate the nonredundant database (up to date as of February 2005) at GenBank with tBLASTx. Only informative annotations were included, even if they were not the highest score (Table 3) .
Discussion
The goal of this work was to broaden the EST database representing G. hirsutum in GenBank and to mine these new ESTs for differentially expressed genes and SSRs for gene mapping. We have identified 9675 novel cotton sequences from this collection of ESTs. The high rate of discovery of new genes is not surprising, since these TCs are primarily from tissues that have not previously been reported in the database, and it demonstrates the need for ESTs derived from a variety of G. hirsutum tissues.
TCs were identified that were likely to represent genes differentially expressed among the tissues and treatments investigated (Table 3) . The 3 TCs identified as expressed in the cotyledons include 2 protochlorophyllide oxidoreductases. Protochlorophyllide oxidoreductases are involved in chlorophyll biosynthesis and have been reported as expressed in cotyledons (Reinbothe et al. 1995) . The annotation identified 17 TCs putatively expressed primarily in the stem. A stem-specific starch synthase was identified, consistent with starch accumulation in cotton stems (Edwards et al. 1995) . Starch assays confirmed the presence of significant amounts of starch in 10-week-old cotton stems (data not shown). Two laccases were identified that could be associated with lignin metabolism in cotton stems (Ranocha et Note: "a" (e.g., 232-2a) denotes multiple bands of similar size; "25 µL PCR" denotes that this is the expected size recovered in the 25 µL reaction, but that the fragment was not recovered in the 10 µL PCRs.
*Long primer added to the 5′ end. † Short primer added to the 5′ end. Protochlorophyllide oxidoreductase Table 3 . Results of statistical analysis and annotation of putatively differentially expressed genes.
2002). The deacetylvindoline-4-O-acetyltransferase is an enzyme involved in alkaloid biosynthesis expressed in stems and flowers in Catharanthus roseus, but not in roots (StPierre et al. 1999 ). Diamine oxidase is expressed during wounding in chickpea and was the only TC identified as unique to drought-stressed seedlings (Angelini et al. 1998) . Perhaps diamine oxidase acts in multiple stress pathways. Failure to identify complete pathways may indicate these analyses have not reached a "critical mass" of sequences needed to be informative on detailed physiology. For example, no granule-bound starch synthases nor ADP-glucose pyrophosphorylase was identified as differentially expressed in the stem, though this tissue is storing starch and these enzymes are known to be important in starch biosynthesis in plants (Ball and Morell 2003) . Additionally, no specific role could be assigned for most of the TCs. However, all of the sequences presented in Table 3 may be regarded as candidates for roles in tissue-specific or stress-specific physiologies or development. EST-derived SSRs were identified and validated for use in mapping the cotton genome. Closely linking these annotated markers with a polymorphism may give insight into the trait being investigated. Addition of ESTs representing novel tissues extends the utility of the EST database. Expanding the cotton EST database is especially important because, in the absence of complete genomic sequence, ESTs provide a platform for microarray and proteomic analyses. These EST sequences have been contributed to a consortium of researchers that will compare them to EST sequences of other Gossypium species (Udall et al. 2006) . Comparison of G. hirsutum ESTs with ESTs from diploid Gossypium species will allow some of the genes represented by the ESTs to be assigned to their diploid progenitors and the variation between various cultivars of G. hirsutum and the diploids to be assessed. Unique sequences will be represented in a composite microarray designed to evaluate gene expression in cotton. The annotation of genes being mapped by the EST-SSRs may ultimately facilitate linking a gene with a phenotype.
